We analyze the observed dynamic slip transfer from the Denali to Totschunda faults during the M w 7.9 3 November 2002 Denali fault earthquake, Alaska. This study adopts the theory and methodology of Poliakov et al. (2002) and , in which it was shown that the propensity of the rupture path to follow a fault branch is determined by the preexisting stress state, branch angle, and incoming rupture velocity at the branch location. Here we check that theory on the DenaliTotschunda rupture process using 2D numerical simulations of processes in the vicinity of the branch junction. The maximum compression direction with respect to the strike of the Denali fault near the junction has been estimated to range from approximately 73Њ to 80Њ. We use the values of 70Њ and 80Њ in our numerical simulations. The rupture velocity at branching is not well constrained but has been estimated to average about 0.8 c s throughout the event. We use 0.6 c s , 0.8 c s , 0.9 c s , and even 1.4 c s as parameters in our simulations. We simulate slip transfer by a 2D elastodynamic boundary integral equation model of mode II slip-weakening rupture with self-chosen path along the branched fault system. All our simulations except for 70Њ and 0.9 c s predict that the rupture path branches off along the Totschunda fault without continuation along the Denali fault. In that exceptional case there is also continuation of rupture along the Denali fault at a speed slower than that along the Totschunda fault and with smaller slip.
Introduction
A M w 7.9 earthquake struck central Alaska on 3 November 2002. The Denali fault earthquake (DFE) occurred along the Denali fault system and ruptured a total length of approximately 350 km. The last segment of rupture was along the Totschunda fault, which branches off from the Denali fault, with 68 km of observed surface rupture (Peter Haeussler, U.S. Geological Survey [USGS], Anchorage; personal comm., 2002) (see Figure 1a [epicenter: star in center left of the figure]). Beyond the branching location no surface rupture was visible on the Denali fault for at least 25 km (P. Haeussler, USGS; personal comm., 2002) .
Beyond the Denali-Totschunda branching location the aftershocks of the M w 7.9 event occurred predominantly along the Totschunda fault segment (Fig. 1b) (EberhartPhillips et al., 2003) . Together with the lack of surface rupture along the continuation of the Denali fault, this indicates that after branching the rupture progressed exclusively along the Totschunda fault.
Summary of Theory for Fault Branching
Following the concepts introduced by Poliakov et al. (2002) on factors governing fault branching, performed an extensive set of numerical simulations of branching. Those were done in the context of a 2D, mode II, rupture model with a slip-weakening friction coefficient, with strength during slip-weakening proportional to the instantaneous local normal stress. They involved a range of branching fault angles (u) with the primary fault, rupture velocities (v r ) approaching the branching location, and maximum horizontal prestress inclinations (W) with the main fault. See Figures 2-4 for their results which are most relevant for the present discussion; all results are shown for right-lateral rupture.
The results can be summarized as follows. For a given rupture velocity the most vulnerable branch orientations change from those on the compressional side (u Ͼ 0) to those on the extensional side (u Ͻ 0) with increasing orientation of the maximum horizontal stress with the main fault (as partly illustrated in Figs. 2 and 3 ). The tendency of the rupture path to proceed exclusively on the branch also increases (and becomes increasingly independent of rupture velocity) as one approaches the limits of maximum stress inclinations with respect to the main fault (0Њ or 90Њ for exclusive propagation on compressional or extensional branches, respectively). With increasing rupture velocity showing the influence of branching angle (u) on a right-laterally propagating rupture at a velocity (m r ) of 0.8 c s near the branching location. The orientation angle W of the principal maximum stress with respect to the main fault is 56Њ. The solid black line shows the path of the rupture; fault regions are shown in gray; c s is the shear-wave speed of the medium.
(keeping W constant) the stress shadow effect of one fault on another, which is important for small branching angles, decreases; this makes the rupture path lie less exclusively either along the main fault or along the branched one (Fig. 4) . The parameter L stop /R 0 in the figures refers to the distance, L stop , beyond the branch junction at which propagation has stopped on either the branch or the main fault. L stop is normalized by R 0 , which is the length that the slipweakening zone would occupy along the main fault in low speed propagation .
Determination of Parameters Influencing Branching for the Denali Fault Earthquake
Maximum Principal Stress Direction (W) Nakamura et al. (1980) estimated the late Quaternary tectonic stress trajectories in the Aleutians and Alaska, using geologic indicators along continental Alaska. Their results show averaged directions of maximum horizontal compression. The principal stress direction near to the DenaliTotschunda branching region is estimated from their results as approximately 75Њ with respect to the main fault. Estabrook and Jacob (1991) later provided a map of maximum horizontal compression-determined stress trajectories from a variety of sources, including seismic focal mechanisms, volcanic, geologic fault, and borehole breakout data, for Alaska, the Aleutians, and the Bering Sea. This was based on the results of Nakamura et al. (1980) and Estabrook et al. (1988) . The principal stress direction nearest to the Denali-Totschunda branching region was again reported to be at approximately 75Њ with respect to the strike of the Denali fault just before branching.
Azimuths of maximum and minimum horizontal compression, obtained by using stress-tensor inversion from focal mechanisms, were determined along different fault systems in central Alaska by Ratchkovski and Hansen (2002) . All their regions were on the order of 100 to 400 km west of the branching location, and most also to the north. The principal stress direction nearest to the Denali-Totschunda branching region was found to be approximately 73Њ (by extrapolating results from closest locations) with respect to the strike of the Denali fault just before branching.
Based on the more recent focal mechanism inversions of Ratchkovski (2003) it can be seen that as one traverses along the Denali fault eastward, from the epicenter, the direction of principal maximum stress, before the earthquake, rotates slightly in a clockwise sense from R1 to R2 and counterclockwise from R2 to R3 (Fig. 5) . The direction of principal maximum compressive stress close to the DenaliTotschunda branching location was therefore inclined at about 80Њ with respect to the Denali fault prior to the DFE. We choose two values of W, 70Њ and 80Њ, to cover the range of observations. The latter better represents measurements near the branching junction; the former is an approximate lower bound based on regional stress studies. Based on the results of , W ‫ס‬ 70Њ is a conservative estimate for our simulations because, as it was noted earlier, the likelihood of the rupture taking the branch exclusively increases with increasing W and becomes increasingly independent of the rupture velocity when approaching the branching location. We will show that the rupture path is predicted to be captured exclusively by the branch in nearly all cases studied when W ‫ס‬ 70Њ and in all cases when W ‫ס‬ 80Њ.
Rupture Velocity (v r )
The average rupture velocity during the DFE seems to be about 80% of the shear-wave speed (Kikuchi and Yamanaka, 2002) , although the velocity as the branch was approached is not yet constrained very well. Inversion of strong motion records by Eberhart-Phillips et al. (2003) revealed three subevents (Fig. 1b) during the DFE with the second and the third subevent occurring at about 125 km and 50 km Figure 3 . Results of 2D numerical simulations from showing the influence of the orientation of the principal maximum stress with respect to the main fault (W) on a right-laterally propagating rupture at a velocity (m r ) of 0.8 c s near the branching location. The fault geometry is fixed with the branching angle u ‫ס‬ ‫51מ‬Њ. Figure 4 . Results of 2D numerical simulations from showing the influence of the rupture velocity at the branching location (m r ) on a right-laterally propagating rupture approaching a branched fault segment at u ‫ס‬ ‫51מ‬Њ . The orientation of the principal maximum stress with respect to the main fault (W) is 56Њ. The solid line shows the path of the rupture; c s is the shear-wave speed of the medium. to the west of the Denali-Totschunda branching location, respectively. Best-fitting inversion required a high rupture velocity of about 3.5 km/sec between subevents 2 and 3. Ellsworth et al. (2004) note that the rupture actually went supershear near Trans-Alaska Pipeline Pump Station no. 10 (PS10), whose location is much further to the west of the branching location and is very close to subevent 2. They also mention that the rupture velocity is about 0.8 c s for about 20 km east of PS10. We therefore carry out our numerical simulations for different values of rupture velocity when approaching the branching location, including supershear rupture velocity. (Rousseau and Rosakis [2003] have extended branching concepts like in Poliakov et al. (2002) to the supershear regime.)
Branching Angle (u)
The Totschunda fault branches away from the Denali fault, to the extensional side, at an angle of approximately 15Њ. The angle was measured from a fault map of central Alaska provided by Savage and Lisowski (1991) . Wallace et al. (2002) suggested that the northern part of the Totschunda fault system may consist of multiple discontinuous southeast-striking strands and is locally connected by south-striking step-over faults. This may reflect the immaturity of the northern Totschunda system. The aim of our study is to do a first-order analysis of the branching process by simplifying the geometry. This approach to a simpler model is supported by examination of an aerial photo (P. Haeussler, personal comm.) of the branch location, which suggests a simple branching geometry.
Numerical Implementation Using the Boundary Integral Equation (BIE) Method
Numerical implementation of the dynamic rupture propagation scheme was done using the 2D Boundary Integral Equation (BIE) method as described in . An important advantage of this method is that the domain of calculations is confined to the fault geometry. A longrunning rupture, which is depth limited, as for the DFE event, cannot be modeled in a 2D framework. However, observing the theoretical concepts outlined in Poliakov et al. (2002) , , and Rousseau and Rosakis (2003) , we can argue that the critical factor, other than the geometry and prestress, is the rupture speed as the branch is approached. This can be suitably simulated in 2D, with far greater grid refinement than in 3D simulations, by nucleating a 2D rupture at various distances from the branching location. Given the present computing capabilities, the 2D formulation allows adequate grid refinement to fully resolve the slipweakening process, a feature which is not generally achieved in 3D simulations. Nevertheless, the rupture phenomenon is clearly a 3D one, and much has been learned about branching from such simulations by Aochi et al. (2000a,b) , Aochi and Fukuyama (2002) , Oglesby et al. (2000a,b) , and Oglesby and Day (2001) .
Following the discretized form of the dynamic representation theorem evaluated by Yamashita (1999a,b, 2003) , we obtain the following algebraic equation for the change in shear traction on spatial cell l, at the end of time step n, due to the slip history up to that time:
where V i,k is the slip velocity of cell i, during time step k, and K l‫מ‬i,n‫מ‬k is the response to unit slip velocity in cell i in time step k.
If we now assign the discretization parameters, cell size Ds and time step Dt, such that c p Dt/Ds ‫ס‬ 0.5, then equation (1) decouples (actually for all c p Dt/Ds Ͻ 1) resulting in an explicit formulation as below (c p is the P-wave speed of the medium):
͚ ͚ k‫1ס‬ i
where K 0,0 ‫ס(‬ ‫מ‬l/2c s ) is the radiation damping term (Cochard and Madariaga, 1994) for shear modulus l and shearwave velocity c s . This term represents the instantaneous contribution of the current slip velocity to the shear stress at the same position (l is the shear modulus of the medium and c s is the shear wave speed of the medium). A similar expression applies for the change of normal stress on the fault, except that there is zero instantaneous contribution . We use a slip-weakening friction law as originally proposed by Ida (1972) and Palmer and Rice (1973) . We formulate this in a Coulomb manner so that the fault strength is always proportional to the normal stress acting on the fault. Thus, it is the friction coefficient that slip weakens. According to this law, the strength of the fault, at constant compressive normal stress, decreases linearly from an initial peak strength, s p , to a residual strength, s r , up to a critical slip, Du ‫ס‬ D c , and then remains constant at the residual level for any further slip. Thus, Here, is the initial compressive stress on the primary 0 ‫מ‬r yy (Denali) fault, where R 0 [‫3(ס‬p/8)(lD c /(s p ‫מ‬s r ))] is the approximate slip-weakening zone length at low rupture velocity as derived in Palmer and Rice (1973) and Rice (1980) and used in Poliakov et al. (2002) and . The P-wave speed of the medium is c p and l is the shear modulus. To fully resolve the slip-weakening process, Ds should be much less than R 0 . We use R 0 /Ds ‫ס‬ 5 or 10 in our simulations, the larger number being needed when rupture propagation speed is close to the Rayleigh speed (Ϸ0.92 c s ).
The numerical simulation of dynamic-rupture propagation is carried out in the following two steps.
Static Slip Distribution along the Minimum Nucleation
Length. To obtain the required rupture velocity on the primary fault at the branching location, we nucleate the rupture at various distances from the branching location without referring to the actual nucleation point on the Denali fault. Our goal here is to understand the dynamics of the rupture front at various speeds as the branch is approached and not to simulate the entire event (impossible within our 2D formulation).
The minimum nucleation length (L c ), as described in Andrews (1976) and where L c is the total length of the slipping zone (twice the length in Andrews [1976] ). We choose a certain length of the fault, L, such that L/R 0 is slightly greater than L c /R 0 . In this region we prescribe a slip distribution and prevent any slip outside the region, such that the fault is in static equilibrium. This causes an initial stress concentration that is slightly larger than the peak strength at both ends of the static nucleation zone and finitely accelerates rupture in the first dynamic time steps .
Dynamic Rupture Propagation. After prescribing the slip distribution as explained in the previous step, the rupture is allowed to propagate dynamically along the main fault and the rupture-velocity history is calculated to position a branch to the primary fault so that the rupture velocity on the primary fault, when approaching the branch, is the one desired. The branch is placed in position and dynamic rupture is then allowed to continue both along the main and the branched faults. We monitor stress in each time step to see whether rupture begins (s Ն ‫מ‬l s r n ) at the first element of the branch and at the front of any rupture along it and the main fault.
Summary of Results
Numerical studies were conducted by using the boundary integral equation method elaborated earlier. Figure 6 shows the fault geometry adopted for our simulations, of which preliminary results were reported in Bhat et al. (2002) .
Because the S ratio governs the nature of rupture (supershear or subshear), a desired value is first chosen. This would then give the initial shear stress acting on the fault (as a fraction of ) if values of l s and l d are assumed. If the 0 ‫מ‬r yy prestress field is normalized by the fault normal prestress, then the normalized fault parallel prestress can be obtained by using the desired value of W, the orientation of the principal maximum compressive stress with the primary fault. The prestress parameters thus obtained must be checked so that the Mohr-Coulomb failure criterion based on l s is not violated either on the primary or the branched fault. Dreger et al. (2004) noted, in their dynamic source modeling of the DFE using a 3D finite element method, that the rupture actually jumps ahead of the primary rupture front by 14 km, triggering slip on the Totschunda fault. We do not observe such a phenomenon in our simulations.
Our calculations were done for various values of m r and W at the Denali-Totschunda branching location.
When the velocity of the rupture approaching the branching location at the Totschunda fault is 0.6 c s , the rupture branches completely onto the Totschunda fault. Figure  7 shows the combined plots of slip velocity along both the Denali and Totschunda faults. It is clearly observed that once the rupture on the Denali fault crosses the branching location the slip velocity decreases rapidly with time. This is a clear indication of that the main fault can no longer accommodate slip beyond the branching location.
At time step 365 the rupture has reached the branching point. We observe in our simulations at this time step that the slip velocity at the right end of the rupture front accelerates briefly before slowing down. This may be a result of numerical oscillations in our calculations.
Case 2: m r ‫ס‬ 0.80 c s ; W ‫ס‬ 70Њ; l s ‫ס‬ 0.60; l d ‫ס‬ 0.12; S Den ‫ס‬ 3; S Tot ‫ס‬ 0.6 For this case, the rupture again branches along the Totschunda fault with no further continuation on the Denali fault. Figure 8 shows slip velocity along both the Denali and Totschunda faults. It is clear, as in the previous case, that beyond the branch, the slip velocity diminishes rapidly on the Denali fault. Earlier studies by showed that, for this value of rupture velocity and for W ‫ס‬ 56Њ, the rupture , and c p represent 0 ‫מ‬r yy the rupture velocity near the branching point, the S-wave speed of the medium, the size of the slip-weakening zone, the shear modulus of the medium, the slip velocity, the initial normal compressive stress, and the P-wave velocity of the medium, respectively. S209 tends to propagate both along the main and the branched fault in the extensional side with a small branching angle of 15Њ. The same happens in this case with W ‫ס‬ 70Њ but not, as we shall see next, when W ‫ס‬ 80Њ. Figure 9 shows the variation of slip velocity along the Denali and Totschunda faults. As can be seen in this figure, the slip velocity on the Denali fault beyond the Totschunda fault is significant, resulting in simultaneous propagation of rupture along both faults beyond the branching location, albeit at a slower rate and with less slip on the Denali fault than on the Totschunda fault. As stated earlier, the likelihood of the rupture propagating exclusively along the extensional branch increases with increasing inclination of W. In this case, we increase W to 80Њ and maintain the rupture velocity at 0.87 c s while approaching the Totschunda fault. In this model, we changed the friction coefficients because with the earlier values of friction coefficients the prestress field violated the MohrCoulomb failure criterion outside the fault zones.
Our results show that, for the case 4, the rupture proceeds rapidly along the Totschunda fault with almost no continuation on the Denali fault. Figure 10 shows slip velocity along both the Denali and Totschunda faults. Again, beyond the Totschunda fault, the slip velocity diminishes quickly on the Denali fault. There is some continuation of rupture on the Denali fault beyond the Totschunda fault, although this length is of the order of R 0 , the size of the slip-weakening zone. This is negligible in comparison with the progress of rupture on the Totschunda fault. Hence, we can conclude here that the rupture takes the Totschunda fault exclusively.
Case 5: m r ‫ס‬ 1.40 c s ; W ‫ס‬ 70Њ; l s ‫ס‬ 0.50; l d ‫ס‬ 0.10; S Den ‫ס‬ 1; S Tot ‫ס‬ 0.09
Although we have no reason at present to think that the rupture velocity was supershear near the branch junction, we also performed a simulation in which the rupture velocity when approaching the Denali-Totschunda branching location was 1.40 c s . To make an appropriate choice for the S ratio so that the rupture velocity was supershear and the Mohr-Coulomb failure criteria were not violated by the prestress field, we were required to choose these values for dynamic and static coefficients of friction.
Slip velocity (Fig. 11) on the Denali and Totschunda faults shows that on the part of the Denali fault beyond the junction, the slip velocity decays rapidly, suggesting that segment of the Denali fault beyond the Totschunda intersection will ultimately stop slipping. On the Totschunda fault the speed briefly reduced to sub-Rayleigh then went supershear again, exhibiting a pattern similar to those observed in other cases of sub-Rayleigh to supershear transitions, leaving pulses that move as Rayleigh waves on what was the crack surface before the intersonic transition and provide a multipulse character to the slip-rate distribution.
Summary and Conclusions
The theory of fault branching developed by Poliakov et al. (2002) and was tested on the recent Denali fault earthquake using the numerical method developed by . The theoretical stress analysis of a propagating mode II rupture suggests that the tendency to follow a branch is influenced by rupture velocity v r approaching the branch, preexisting maximum compressive stress inclination W, and prospective branching angle u. This study provides another comparison of the rules of branching with a field case; five other such field cases were discussed by .
We numerically simulated the observed slip transfer from the Denali to Totschunda faults by the methodology of , which uses a 2D elastodynamic boundary integral equation model of mode II rupture with selfchosen path along a branched fault system. The strength of the faults was assumed to follow a Coulomb law with a friction coefficient that slip-weakens from its static to dynamic value. Figure 12 shows the rupture velocity variation on the Denali and Totschunda faults for cases W ‫ס‬ 70Њ; v r ‫ס‬ 0.6 c s and W ‫ס‬ 70Њ; v r ‫ס‬ 0.9 c s , respectively. The rupture velocity on the Totschunda fault beyond the branching location for the case W ‫ס‬ 70Њ; v r ‫ס‬ 0.9 c s remains steady at a value of 1.1 c s , a value that falls within the range for unstable dynamic rupture propagation on a single fault (Freund, 1979) ; the speed may be, stabilized by the existence of the neighboring rupture propagating along the Denali fault. All but one of our simulations for incoming subRayleigh rupture velocities predict that the rupture path will branch off along the Totschunda fault without continuation along the Denali fault. The exception is the case when the prestress inclination is 70Њ, a lower limit to the plausible range, and incoming rupture speed at the branching point is 0.9 c s . In this case rupture follows the branch, but rupture Figure 9 . Slip velocity along the Denali and Totschunda fault segments for W ‫ס‬ 70Њ; m r ‫ס‬ 0.9 c s . Slip-velocity variation along the Totschunda fault is projected onto the Denali fault. The Totschunda fault begins at 10X/R 0 ‫ס‬ 380.
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also continues along the Denali fault beyond the branching location, at a lower speed than that along the Totschunda fault. However, when the prestress inclination is steeper, at 80Њ, the rupture chooses Totschunda exclusively when its velocity near the branching location is about 0.9 c s . We also see exclusive continuation of rupture on the Totschunda fault when the rupture is supershear, 1.4 c s . Figure 10 . Slip velocity along the Denali and Totschunda fault segments for W ‫ס‬ 80Њ; m r ‫ס‬ 0.87 c s case. Slip velocity variation along the Totschunda fault is projected onto the Denali fault. The Totschunda fault begins at 10X/ R 0 ‫ס‬ 414.
